This paper examines experimentally the use of a fluidic spoiler to suppress the resonance within a partially closed cylindrical cavity subject to a grazing flow. The relative movement of aircraft and high-speed land-based vehicles through air often results in structural cavities in these vehicles being subject to shear-layer-driven resonance. This can lead to high-amplitude pressure fluctuations within the cavity volume, causing damage to stores or equipment found within landing-gear wheel or weapon bays, for example, or else significant discomfort to the passengers of cars or trains. This large-scale buffeting can also cause vehicle stability problems and can increase drag. This work presents a novel method, in which passive flow control consisting of an upstream fluidic spoiler is used to redirect the upstream flow so that the cavity orifice is shielded. As a result, the grazing flow can no longer detach from the upstream leading edge of the cavity, and thus, vortex shedding is suppressed. The scope of the study includes an examination of higherorder azimuthal acoustic modes excited in the cylindrical cavity: modes which have received little attention in the literature, but which can be readily excited for many flow configurations for partially covered cavities. 
OW-MACH-NUMBER cavity flows exist in numerous engineering applications. These systems are often susceptible to resonance based on feedback between the internal cavity pressure and the shear layer (SL) over the cavity opening. This phenomenon is important to understand because the unsteady pressure fluctuations may be very large, and can result in undesirable noise or damage to the cavity structure or equipment inside the cavity. These flows have been studied by a large number of researchers, including a few mentioned here to illustrate the wide range of applications. A study by Langtry and Spalart [1] used computational methods to predict the unsteady pressure inside a landing-gear wheel well on commercial aircraft geometry. Balasubramanian et al. [2] considered "sunroof buffeting" on simplified vehicle geometry. Nakiboglu et al. [3] studied a series of side branch resonators as a model for flow in a corrugated pipe. Aly and Ziada [4] examined higher-order modes in a pipe system with a sudden diameter change, and investigated the effect of cavity depth on acoustic particle velocity.
In an attempt to suppress cavity noise, a number of different methods have been investigated: active fluid-injection methods, such as microjets [5, 6] and leading-edge blowing [7] ; plasma actuators [8, 9] ; the installation of a crossflow rod at the cavity leading edge [10, 11] ; and the installation of Helmholtz resonators within the cavity environment [12] . There have been a number of excellent reviews of cavity noise dynamics and suppression published to date [13, 14] .
SL-driven cavity flows can exhibit several types of features generally described as resonance. The review paper of Rockwell and Naudascher [15] categorized self-sustaining oscillations into three groups: fluid dynamic, fluid resonant, and fluid elastic. Within the fluid-dynamic category, a highly cited work is for high-Machnumber (M > 0.5) flow over a shallow cavity known as a Rossiter cavity [16] . In this system, the feedback mechanism is an upstreamtraveling acoustic wave generated by turbulent structures impacting the downstream edge of the cavity. These acoustic waves have a wavelength of the same order of magnitude as the opening length. Resonance occurs if this acoustic frequency excites the SL oscillation. This type of feedback mechanism is not expected to lead to cavity resonance in the current system.
In this paper, the self-sustaining cavity oscillations, which are strongly coupled with resonant waves within the SL and which are classified as fluid-resonant oscillations, are of interest. For this type, SL cavity flows can excite standing acoustic waves in the crossstream direction, particularly when this spanwise dimension, H, being the height of the cavity, is large when compared to the streamwise dimension, L. These modes are often called longitudinal or depth modes. For these modes, the acoustic waves are reflected from the bottom of the cavity and can feedback to the SL. These standing waves reflect from the end of the cavity and any of 1) the top of a cavity that is closed except for a small opening; 2) the opposite side of the wind tunnel, if the experiment is performed in a closed section; 3) between the ends of two opposing cavities in the case of a "coaxial" resonator configuration; or 4) between the bottom of the cavity and the change of impedance due to the opening. Depth modes for deep cavities were studied by Yang et al. [17] , who specifically analyzed the effect of the streamwise dimension of the cavity. A coaxial side branch configuration was studied by Oshkai and Yan [18] .
To date, within the fluid-resonant category, little consideration has been given to higher-order acoustic modes that might resonate in cavities, whether cylindrical or polyhedral in shape. Bennett et al. [19] examined their excitation through a particle image velocimetry (PIV) study of the SL over the orifice, Verdugo et al. [20] identified the noise source and sink in the SL using an experimental method employing Howe's analogy, and Stephens et al. [21] studied the effect of orifice location and characteristics on the mode excited. In aeroacoustics, a study by Marsden et al. [22] was performed examining cylindrical burst-disk cavities and vent holes located under wings, which they stated have been subject to little investigation, despite being clearly identifiable in flyover measurements. In this current paper, we are particularly interested in exploring test cases, in which both planewave longitudinal modes and also azimuthal modes are excited. The azimuthal modes can, in turn, be coupled with the plane-wave modes depending on flow speed or orifice geometry.
In addition to standing acoustic waves, an SL-driven cavity can act also as an Helmholtz resonator (HR), in which the oscillation is caused instead by compression of the volume of fluid inside the cavity. This is a third mode type of interest in the current paper. The preferred resonance frequency of this kind of system can be calculated as
in which A is the area of the cavity opening; V is its volume; and, in this work, l s is the length of the slug of air that oscillates in the opening, or neck, of the cavity. For the cavity under consideration in this work, the neck length is essentially zero. However, the air in the internal and external regions of the neck tends to move in unison, and so, similar to the development of equivalent length corrections for open-ended ducts, this behavior has resulted in the investigation of an "effective" neck length in the literature. In this study, l s is chosen to be L, the streamwise length of the orifice, and was found to match the experimental data well. This length has been used by both Kook and Mongeau [23] and Ma et al. [24] who have both studied HRs and accurately predicted the magnitude of the interior cavity pressure when adequate information about the SL is available. The air curtain has been used in a number of diverse engineering applications [25] [26] [27] [28] . In aeronautics, it was first proposed for use for landing-gear noise reduction by Wickerhoff and Sijpkes [29] , after which Oerlemans and de Bruin [30] performed proof-of-concept research to validate it. The planar jet as a means to reduce noise has also been investigated by Zhao et al. [31, 32] , in which tandem rods were examined as a simplified representation of aircraft landing gear. Subsequently, the dual air curtain has been developed and investigated, in which improved acoustic and energy efficiency have been achieved through the addition of a second upstream planar jet [33, 34] .
This paper examines experimentally the use of a fluidic spoiler to suppress the acoustic resonance within a partially closed cylindrical cavity subject to a grazing flow. The work presents a novel method of passive flow control, which consists of an upstream fluidic spoiler, which might also be called an air curtain or simply an upstream planar jet in crossflow. The fluidic spoiler is used to redirect the upstream flow so that the cavity orifice is shielded. As a result, the grazing flow can no longer detach from the upstream leading edge of the cavity, and thus, vortex shedding is suppressed.
Current/ongoing research in the United States involves the testing of thin airflow streams as a means to reduce noise: 1) the high-flow bypass concept of the Rolls-Royce Tay turbofan engine for the Gulfstream X-54 demonstrator, which routes captured air in a smooth flowpath around the power plant to enclose it in an aerodynamically shaped aeroshell; and 2) jet noise reduction in the novel GE engine Fluid Shield technology within the flagship activity of the Pentagon's Versatile Affordable Advanced Turbine Engines research program. The current paper sits in this nascent research field of redirecting flow to reduce noise/pressure fluctuations.
II. Fluid Mechanics of a Planar Jet in Crossflow
A. Theoretical Model Unlike the circular jet issuing into quiescent air, which has important engineering applications related to aeroengine design and its associated environmental noise, planar jets have attracted far less research interest. Their main application has been in the blockage of tunnels and corridors to prevent smoke and pollutant transmission, and for doorways to prevent heat loss. These applications are characterized by the fact that they are a full-span virtual screen for the passageway or doorway, which creates a pressure drop to inhibit heat and mass transfer between the adjoining fluids yet with the benefit of allowing the transit of people and vehicles. The planar jet in a crossflow, which, rather than creating a blockage, instead, redirects flow to shield a solid body, is a much more novel application and one that has appeared in the literature recently, and, in this paper, is referred to as a fluidic spoiler. For such applications, in which the planar jet does not impinge on an opposing surface, such as in heat transfer applications, for example, a study by Ramaprian and Haniu [35] provides a simple semi-empirical model to predict the trajectory of such flows. Applications foreseen by these authors were cooling tower plumes, smokestack exhausts, thermal discharges into rivers, etc., and in their work, they examined two-dimensional (2-D) buoyant (heated) and nonbuoyant jets issuing into a hydraulic flume perpendicular to the direction of the flow. To describe the behavior of a 2-D jet discharged vertically with a velocity of U jet into a horizontal crossflow of velocity U ∞ , the authors performed a dimensionless analysis of the relevant variables, and found that the trajectory of maximum velocity along the centerline of the jet scales with a length scale based on the exit kinematic momentum flux and follows a halfpower law. The introduction of this momentum length scale
in which M o is the initial kinematic momentum flux U 2 jet w, R is the velocity ratio
and w is the width of the planar-jet slot in the streamwise direction, enabled them to derive the following expression to model the centerline of the trajectory for the nonbuoyant case:
with c j being a constant of proportionality found to have a typical value of 1.2 in their studies. Linear jets issuing into quiescent air spread with a half-width of b 1∕2 0.11s, with s being the distance along the centerline of the jet from the exit slot. However, planar jets in a crossflow experience significantly different flow conditions due to the coflowing ambient velocity along the outer edge, the strong curvature along the edge trajectories, and the consequence of a recirculation zone that can develop on the leeward side of the jet. These three factors affect the stability and entrainment of the inner and outer SLs, and Ramaprian and Haniu [35] found that the planar jet in a crossflow tended to have a larger spreading rate, which they estimated to be
in which s is now the curved trajectory, and the proportionality constant c b was found to have values of between 0.12 and 0.15 in their studies. Advances in laser-based measurement techniques for fluid dynamics have been made, because the Ramaprian and Haniu [35] work and PIV analysis now allow experimental results to be compared to such models. Figure 1 shows an example of flow visualization from a study by Zhao [36] of a single fluidic spoiler (planar jet in a crossflow) on which the curves of Ramaprian and Haniu [35] are superimposed.
The spreading results in a maximum shielding height and a reattachment point of the half-width trajectory on the leeward side. Oerlemans and de Bruin [30] used Eqs. (4) and (5) to find the point of maximum shielding for a value of c b 0.15, in which their research investigated how the fluidic spoiler might be used to reduce the aerodynamic noise of landing gear. Their results are improved upon here by minimizing the mathematical error in the derivation of terms. As such, the maximum shielding height is derived to be y max at a streamwise position x max downstream of the center of the jet slot. The height of the jet centerline trajectory at this point is y c :
x max 15.6251wR 2 y max 2.2617wR 2 y c 4.7434wR 2 (6) This analysis demonstrates that the maximum shielding height is just under 50% of the jet centerline height at this point, and occurs at a location downstream of approximately seven times the maximum shielding height. What is important to note here is that the shielding height is proportional to both the slot width and the square of the velocity ratio. In summary, however, despite the improvement described here and through observation of Fig. 1 , the authors have found that the Ramaprian and Haniu [35] model matches well the curvature of the jet close to the outlet, but, being a quadratic curve, the recirculation is not well captured further downstream. This is particularly evident in Fig. 1 when comparing the centerline of the real flow to the theoretical curve.
B. Numerical Analysis
To explore an alternative method to model the trajectory of a planar jet in a crossflow, which might better include the effect of the recirculation zone, a 2-D steady numerical analysis was performed. The numerical domain is shown in Fig. 2 with vertical side boundaries set to be translational periodic. The governing equations were formulated to eliminate all gradients in the spanwise direction by taking only one node in this direction. Using this approach, a 2-D plane of interest can be examined at a relatively low computational cost, in which this plane in question will be seen to correspond to the PIV laser sheet generated in the experiments. The downstream length of the domain was chosen to be equivalent to 60 times the width of a 10 mm jet slot, which was found to be sufficient to include downstream effects of the trajectory. The simulation represents a planar jet issuing into a crossflow with the height h of the crossflow significantly greater than the width w of the jet. With only one boundary surface being solid having a no-slip boundary condition, this allows the planar jet to redirect the crossflow over its trajectory. The physics might represent, for example, a fluidic spoiler being discharged from an aircraft fuselage. In these tests, a value of h 75 mm was chosen, as this allows the analysis to be compared to experimental results to be found in the literature [37] , in which h is the height of an open jet grazing over a surface providing the crossflow. In accordance with similar works, an inlet length for the planar jet of 3w was incorporated to allow important flow features at its exit to be captured. A shear-stress-transport turbulence model was used. The meshed numerical domain has 141,576 grids in total with a refinement of the domain resulting in a greater node density in the region of the slot. These mesh parameters were chosen after a mesh sensitivity analysis was performed and results were found to converge with increasing mesh density. Figure 3 presents a result for the benchmark case of U ∞ U j 40 m∕s (R 1) and w 10 mm. The result shows the characteristics of the performance of the fluidic spoiler. The trajectory of the planar jet curves downstream as the crossflow is redirected over it, resulting in a low-velocity shielded area on its leeward side until the flow reattaches further downstream. The objective of this research was to study the pressure reduction of a downstream cylindrical cavity by designing the planar jet, such that the cavity orifice is shielded by this fluidic spoiler.
To characterize the trajectory of the fluidic spoiler, the streamline passing through the center of the slot was identified. This is plotted in both Figs. 3 and 4. Also to be seen clearly in Fig. 4 is the recirculation zone on the leeward side of the jet. This zone and the centerline, which curves downward toward the surface after reaching a maximum height, are both more accurate representations of the real behavior of the flow. The centerline model in Eq. (4) cannot accurately represent this same behavior. A parametric analysis was performed with the numerical model to determine the dependence of the trajectory on U ∞ , U j , R, and w. Figure 5 shows how the maximum point of the streamline increases with the slot width when the velocities are kept constant, and the height appears to be proportional to approximately w 4∕3 . The height increase is a result of the increase in momentum of the fluid, and this maximum position occurs successively further downstream with increasing slot width. Figure 6 shows the response of the planar jet to a change in velocity ratio R for a fixed slot width of 10 mm. This is in effect a study of the increase in jet velocity when all other parameters are kept constant. As to be expected, the maximum height increases with R and is proportional to R 2 . Figure 7 confirms how the trajectory depends on the velocity ratio R, as opposed to the individual magnitudes of either the crossflow or jet velocities.
III. Experimental Rig Design
A cavity resonance experiment that incorporates a number of acoustic feedback mechanisms was to be designed and constructed. As the rig was to be built using a relatively low-speed wind tunnel, a preliminary analysis was required to optimally design the cavity given the imposed limitations. In each of the three fluid-resonant oscillations considered in this paper, viz., Helmholtz resonance, longitudinal resonance (plane wave), and azimuthal resonance, the acoustic excitation is assumed to be due to instability in the SL of flow over the cavity opening. The SL excitation frequency can be estimated using the empirical relationship suggested by Rossiter [16] . Given the low Mach number under consideration in the current paper (M < 0.1), the upstream-propagating acoustic feedback mechanism usually associated with Rossiter is not expected to occur in the present experiment, because the acoustic frequency corresponding to the cavity opening length would be in the order of 8 kHz, far higher than any expected SL oscillation frequency. Rossiter's equation for the SL excitation frequency, however, has been used by many authors to accurately model other feedback mechanisms [38, 39] . This equation is given as in which α describes the phase delay; κ is the convection velocity of the SL normalized by the freestream velocity; and n 1; 2; 3; : : : is the order of the SL mode. For the low subsonic speeds considered here, α 0 was found to be appropriate and has been used by other authors [38, 40, 41] , who argued that there is no need to consider a phase delay when the convection speed is much less than the speed of sound. The typically used value of κ 0.5 is determined from the average of the freestream velocity and the flow in the cavity, and does not include the effects of the boundary layer, which would act to retard the apparent freestream velocity. Over the years, Eq. (7) has been subject to small changes introduced after analytical developments: see, for instance, Heller and Bliss [42] and Howe [43] .
As can be seen in Eq. (7), decreasing the characteristic length of the cavity opening, L, increases the excitation frequency for a given flow speed. Similarly, from knowledge of duct acoustics and previous work [44] , increasing the cavity diameter will result in lower cut-on frequencies for the higher-order modes. Thus, for the low tunnel speeds available, a large diameter and short orifice opening were required to achieve the test objectives allowing excitation of the three different fluid-resonant categories considered.
A. Numerical Analysis: Wave Expansion Method
To characterize the acoustic behavior of a proposed experimental rig (cavity and wind-tunnel test section), a numerical simulation was performed. A highly efficient finite difference method originally introduced by Caruthers et al. [45] was used for the analysis. The approach uses wave functions, which are exact solutions of the governing differential equations. The wave expansion method (WEM) in-house code used for this study was developed by Ruiz and Rice [46] , and has been examined by Bennett et al. [47] for its applicability in ducts. The schematics of a generic wind tunnel/cavity and opening setup can be seen in Figs. 8 and 9 . A number of simulations were performed to finalize the dimensions for the streamwise dimension of the orifice: L, the depth/height H of the cavity, and the diameter D of the cylindrical cavity.
A three-dimensional unstructured mesh encompassing the generic wind-tunnel test section and the cavity was generated with commercial software, resulting in approximately 320,000 tetrahedral elements (Fig. 10) . In a landing-gear technical report by Bliss and Hayden [48] , the cavity-oscillation process for landing-gear wheel bays has been approximated by monopole radiation from the center of the cavity opening. In accordance with this, in this work, a numerical monopole volume source was located at the orifice opening midpoint to simulate an oscillation in the SL. The complex pressure was solved in the domain as a function of source frequency, and the amplitude was plotted on the mesh to give an indication of the pressure field in the cavity/wind-tunnel rig setup. To identify the frequencies at which the resonant modes in the cylinder are at a maximum, the transfer function between the source and the node in the domain, which has the greatest magnitude at any particular frequency, was calculated. The solution for the frequency range of interest is shown in Fig. 11 . In this frequency range, 12 different acoustic modes were found, the individual pressure fields of which are shown in Fig. 12 .
The frequencies chosen illustrate the first four plane-wave depth/ height or longitudinal modes (H1, H2, H3, and H4), which can be approximated as multiples of the half-wavelength corresponding to the internal length of the cavity (cylinder); the first two azimuthal modes, AZ1 and AZ2; and also the first six combination azimuthalheight modes (e.g., AZ1H1), which have effectively received no attention in cavity acoustics. In fact, with respect to aeronautics, typically only the first or second height mode resonance is considered when designing to avoid aeroacoustic cavity noise, such as from burst-disk cavities or vent holes. However, for much larger volumes, such as landing-gear wheel bays or missile bays, higher-order modes have been shown to be excitable within the velocity range of aircraft on approach to landing [49] [50] [51] [52] , and as such, deserve to be examined in the literature.
The common nomenclature in cylindrical duct acoustics is for the subscript m to indicate the azimuthal order and the subscript n to indicate the radial order. Of additional interest in this current study is the measurement of the end reflection from the cavity, which causes the longitudinal standing wave and its superposition on the azimuthal/radial modes, and thus, a third subscript q is used to indicate the depth-mode order. For example, A m;n;q A 0;0;1 is the first half-wavelength depth/longitudinal mode, and is also named here as the H1 mode given that H is the depth of the cavity as per Fig. 8 . The first azimuthal mode is termed AZ1 or A m;n;q A 1;0;0 , and in Fig. 13 , the combination mode AZ2H2, A m;n;q A 2;0;2 , is illustrated in more detail. No radial modes were excited in the range of wind-tunnel speeds tested in the subsequent experimental campaign, and therefore, the results presented here will all be for n 0 (i.e., A m;0;q ). In this work, the frequencies at which the cylindrical duct modes cut on are calculated by f m;n;q ω 2π c 2π
in which R c is the radius of the cylinder; q is the order of the height mode; and He or term kR c 2πfR c ∕c is the dimensionless Helmholtz number, which expresses the cut-on point of each independent higher-order azimuthal/radial mode.
Note that the WEM is poor at predicting the Helmholtz resonance, it being the result of a compressibility effect and is absent from Fig. 11 . However, the expected resonance frequency can instead be calculated using Eq. (1) and variations thereof.
Based on the results of the analysis in this section, this generic cavity geometry could allow all three fluid-resonant category configurations to be excited in a cavity of diameter 0.3795 m by a cavity orifice of 40 mm in length for the flow range of the wind tunnel available for the tests.
B. Notre Dame Wind-Tunnel Facility and Test Section
The tests were performed at the Institute for Flow Physics and The schematics of the test section, which include the slot for the upstream planar jet, are given in Figs. 15 and 16 . The planar-jet slot has a 6.35-mm-wide outlet with a rounded internal geometry to improve the jet development. The spanwise length was 254 mm initially, but could also be shortened. Based on the WEM analysis, a B&K microphone was located as per Fig. 15 , so that it was not on a nodal line and would, therefore, be sensitive to all acoustic modes in the test frequency range. For the pressure data acquisition, the sampling frequency was 20,000 Hz; the number of samples was 2,097,352; the Welch method was used to compute the autospectral density functions; the number of samples per fast Fourier transform was 4096; a Hamming window was applied; and a 75% overlap was used. A pitot-static tube was used to measure the planar-jet exit velocity and to monitor the tunnel speed U ∞ . A PIV system was installed for flow visualization and will be used for the full velocity analysis in future work.
IV. Response of the Resonator to a Grazing Flow A. Baseline Opening
Without the planar jet turned on and with its slot covered, a velocity sweep of the tunnel in increments of 1 m∕s was performed by controlling the axial fan motor speed. The results of sound pressure (measured in dB) at the microphone location are presented in Fig. 17 superimposed with the theoretical information from Eqs. (1) and (8) for the duct resonances, and Eq. (7) for the SL excitation curves. Frequencies are given in nondimensional form (Helmholtz number 2πR c f∕c). As Verdugo et al. [53] stated in their work, and in agreement with other authors [44] , the convection velocity constant can be measured or is more often chosen as a best fit to the experimental results. In the literature, a wide range of studies can be found for cylindrical cavities whose aspect ratios and opening characteristics can vary significantly, with the values of κ varying in turn. In this work, values of α 0 and κ 0.32 are used, having been found to be a best fit to the measured data. The results show that the SL instabilities are able to excite a number of different modes in the cavity. The first SL mode strongly excites the Helmholtz resonance in the range from 5 to 11 m∕s, and it is seen that the theory of Eq. (1) accurately predicts the resonance frequency with the effective slug length l s set equal to the spanwise dimension L. At higher flow speeds, the first SL mode also strongly excites the first plane-wave longitudinal mode H1. A common characteristic of such resonance phenomena is that "lock on" can occur prior to coincidence and maintain postcoincidence. This is seen in the plot where the resonance occurs for a range of velocities, which is greater than simply the point of intersection of the horizontal and diagonal lines. Verdugo et al. and Stephens et al. discussed this point in depth for the resonance of cylindrical cavities [20, 21, 54] . In addition to the second SL exciting the second depth mode H2, of particular interest in this plot is evidence of the excitation of the azimuthal mode AZ1 and of the very high resonance of the combined mode AZ1H1 at a Helmholtz number just above He 2. These modes have seen almost no attention in the literature, but yet can be excited under the correct conditions and, for large-volume landinggear wheel bays, can be excited within the velocity range of a landing aircraft [49] . There is also evidence of the second combination mode AZ1H2 being excited at He 2.37 by both the second and third SL modes. AZ2; H4; and the higher-order combination modes AZ1H3, AZ2H1, and AZ2H2 are also all excited, albeit at lower magnitudes, at the higher wind-tunnel velocities.
The frequencies of the numerically determined modes are provided in Table 1 . Small but systematic differences can be noticed when they are compared with the analytical values, which assume a closed-closed cylinder with no orifice. These differences are caused by the distortion of the pressure pattern within the cylinder. The pressure reduces in the test section, which induces a pressure adaptation in proximity to the orifice. The effects of the opening are similar to a reduction of the cavity depth [44] and result in the frequencies of the modes being higher than the theoretical values.
The excitation by the orifice SL of the closed-test-section wind tunnel was also examined. A numerical analysis using the WEM code verified that, as expected, wind-tunnel duct modes could be excited over a wide range of frequencies. However, none of these were measurable at any significant amplitude by the microphone flush-mounted with the inside surface of the cylinder. In the study by Bennett et al. [44] , a number of different orifice size aspect ratios and locations, relative to the central axis of the cylinder, were studied, and the acoustic pressure was measured at a number of different microphone locations. In that work, it was found that, in some instances, a half-wavelength mode resonated between the end of the cylinder and the inside surface of the opposite wall of the wind tunnel. No such excitation is measured in this current work.
B. Effect of Fluidic Spoiler
One of the objectives of this research was to examine how a planar jet might be used to attenuate the cavity resonances caused by SL excitation. Figure 18 shows a flow visualization of the planar jet at a jet velocity of U j 10 m∕s in a crossflow of U ∞ 8 m∕s (R 1.25). The jet flow was seeded, and the laser sheet was parallel to the flow at the midpoint of the span/orifice/slot. Figure 18 shows a single still shot from the PIV. To compare to the theoretical and steady computational fluid dynamics (CFD) analysis of Secs. II.A and II.B, the theoretical curve of Eq. (4) was superimposed onto the image. Values of c j 1.0 and c b 0.2 were chosen, which are quite different from those of Ramaprian and Haniu [35] , which could be related to the fact that this study is in air. Further PIV work is required to study further downstream of the slot, to study the recirculation zone, and to see if the jet reattaches to the wind-tunnel floor. Figure 19 presents again the contour plot for the tunnel velocity sweep, but on this occasion, the planar jet is active with an exit velocity of approximately 11 m∕s. The velocity ratio R in this plot ranges from approximately 11 down to 0.3. The results are very positive. Very significant resonance amplitude reductions are measured. Interestingly, the Helmholtz resonance, while decreasing in amplitude, has also dropped in frequency and is excited for a much larger velocity range than with no fluidic spoiler. The drop in frequency could be due to the fact that the effective slug length l s can no longer be approximated to be equal to the streamwise orifice length L. In addition, the unsteadiness of the jet may now be providing broadband excitation of the cavity, resulting in an excitation over a greater velocity range.
To examine the response in more detail, single spectra at specific tunnel speeds where high resonance amplitudes occur are examined with and without the effect of the fluidic spoiler (Fig. 20) . Noise reductions of up to 33 dB can be identified as a result of the passive flow control. Interestingly, at U ∞ 8 m∕s, while a pressure reduction of 15 dB is achieved at the peak Helmholtz resonance, the pressure response increases for the rest of the frequency range. This only seems to occur for this tunnel speed. It appears as if the fluidic spoiler excites the cavity with low-level broadband energy, which excites the full frequency range, but which is then dominated by the higher-amplitude tunnel flow and recirculating fluidic-spoiler energy at higher tunnel speeds. Also worth noting is that, at 36 m∕s, the mode that resonates the greatest is the AZ1H1 mode, which is a mode rarely examined in cavities. The fluidic spoiler successfully reduces this pressure by 23 dB.
The same analysis was repeated, but at a higher fluidic-spoiler velocity 16 m∕s (16 ≥ R ≥ 0.44). Figure 21 presents the acoustic pressure response as a function of the tunnel velocity. In Fig. 22 , the pressure response at the same four specific tunnel velocities is presented comparing the results for the two fluidic-spoiler velocities. Surprisingly, the results are effectively identical to each other, and suggest that a minimum threshold velocity is sufficient to suppress the cavity resonance with no further benefit resulting from increased fluidic-spoiler velocities. This is significant, as it suggests that very little additional energy is required to prevent the vortex shedding and to disrupt the SL. A parallel to Mendoza and Ahuja's [55] work, which examined the thickening of the upstream boundary layer, needs to be further investigated. resonance peaks in the cylinder are attenuated, albeit at the cost of some noise increase at low velocities. Interestingly, it can be seen that the majority of the larger noise increases correspond to a velocity ratio R of greater than 1.
With regard to exactly how much energy, or power, would be required to implement the solution, an analysis could be conducted using the models provided by Zhao et al. [56] . Their work investigated the potential use of a fluidic spoiler as a low-noise technology for landing gear, which could have significant benefits over traditional perforated fairings or meshes. The work examined air-curtain trajectory models and the subsequent generation of aeroacoustic self-noise and slot noise due to the implementation of the fluidic spoiler. A second upstream fluidic spoiler [57] is implemented to successfully reduce the spoiler noise, and an estimation of the mass flow required for the shielding of a typical nose landing gear is provided. With regard to the suppression of cavity noise using a fluidic spoiler, it can be stated with reasonable certainty that spoiler noise itself would be of lower amplitude given that the shielding height would be so much less compared to the landing gear. The work by Raman and Raghu [6] can also be referred to for a rough indication of how much energy would be required to modify the SL. In their work, using miniature fluidic devices located on the cavity floor, oscillatory mass injection rates of the order of 0.12% of the main flow were required to suppress SL-cavity interaction tones. Their innovative work employs a bistable Coanda effect device to spread the flow in the spanwise direction. The current fluidic-spoiler proposal, however, would be expected to require less relative mass flow, as, unlike the aforementioned work, which requires sufficient mass flow to reach the SL from the cavity floor, the fluidic-spoiler jet is issued upstream of the cavity leading edge in the same plane as the SL.
Drag resulting from the implementation of the fluidic spoiler is also to be considered. As the freestream flow in this work is essentially incompressible, future work might use the PIV measurements to quantify the increase in drag from the baseline using a control-volume-type approach. However, this has not been performed to date. Given that the crossflow angle of the fluidic spoiler is, in this case, perpendicular to the main flow, a correction in aircraft trajectory might also be required (depending on amplitudes), which would have knock-on effects with regard to drag or lift. The angle of issue of the fluidic-spoiler jet could be altered to be more acute, but then greater flow rates would be required to obtain the same shielding height. However, for cavity noise suppression, this may again be less of a problem compared to landing-gear noise attenuation given the low shielding height required. The reader is referred to the work of Oerlemans and de Bruin [30] for their investigations on the effect of angle on a single air-curtain trajectory. For practical purposes, quite often an increase in drag can be advantageous, especially for landing aircraft, especially if the airflow used is siphoned off from the engine ducts. Also, a drag increase may be considered to be a small price to pay for the reduction of high-amplitude pressure levels in weapon bays, or the destabilizing recirculation of flow in large cavities or wheel bays. The remaining important point to be made is that the fluidic spoiler can be deployed as needed, unlike fixed spoilers or perforated fairings, and thus, the drag can be eliminated when necessary.
V. Conclusions
This paper examined experimentally the use of a fluidic spoiler to suppress the acoustic resonance within a partially closed cylindrical cavity subject to a grazing flow. The work presents a novel method of passive flow control, which consists of an upstream fluidic spoiler, which might also be called an air curtain or simply an upstream planar jet in crossflow. The fluidic spoiler is used to redirect the upstream flow so that the cavity orifice is shielded. This prevents what was the grazing flow from detaching from the upstream leading edge of the cavity, and thus, vortex shedding is suppressed.
A 2-D semi-empirical model from the 1980s is compared to a parametric analysis using computational fluid dynamics (CFD) for a range of velocity ratios. While the model captures well the curvature of the trajectory of the planar jet close to the exit slot, the CFD is shown to be more versatile and captures the full flowfield, including the reattachment of the flow downstream.
A second numerical analysis was performed using a WEM to determine the acoustic behavior of the cavity (in the absence of flow). The analysis allowed the optimum dimensions of the cavity and orifice to be determined for the flow range of the available wind tunnel. An experimental rig was subsequently designed and built. The objective was to have a large volume cavity with a relatively small orifice. This allowed both Helmholtz resonance as well as a variety of standing wave duct modes to be studied. In addition, the cavity, with a diameter/depth ratio of 0.47, was designed as a cylindrical cavity so that azimuthal and radial modes could be examined. These are modes that are rarely examined in the literature for cavity resonance. Rossiter-type interaction tone frequencies, which are dependent on velocity, were not examined here due to the low Mach numbers available in the closed-section wind tunnel. A microphone flush-mounted with the inside surface of the cavity wall allowed the pressure to be measured at a specific location.
The results from the numerical part of the work allowed a planar-jet slot to be sized and located upstream of the cavity orifice, and PIV allowed for a comparison with the numerical model and verified that the orifice could be shielded by the fluidic spoiler at different velocity ratios.
The initial baseline tests, without the effect of the fluidic spoiler, resulted in large-amplitude resonances in the cavity at frequencies corresponding to the Helmholtz resonance, as well as standing wave resonance along the axis of the cylinder, azimuthally, as well as combinations of the latter two. Excitations of these modes are caused by SL oscillations, and result in resonance only in specific tunnel velocity ranges.
Once the fluidic spoiler was deployed, very significant reductions in pressure within the cavity were recorded. Two fluidic-spoiler velocities of 11 and 16 m∕s were assessed corresponding to a velocity ratio range of approximately 16 ≥ R ≥ 0.3 for the windtunnel range tested: approximately 1-36 m∕s. All resonance types were attenuated by as much as 36 dB in some cases. Little extra benefit seemed to result from the higher-velocity fluidic spoiler, and it seems that very little flow is required to suppress the resonance. This low-energy requirement, as well as the fact that this passive flow control can be easily turned on or off, and therefore, employed as required, makes it an appealing alternative to other such technologies.
